. (2015) 'Controlling picolitre droplet impact dynamics by tailoring the solid subsurface.', Colloids and surfaces A : physiochemical and engineering aspects., 481 . pp. 215-221. Further information on publisher's website:
CONTROLLING PICOLITRE DROPLET IMPACT DYNAMICS BY TAILORING THE SOLID SUBSURFACE
P
INTRODUCTION
The impact of liquid droplets onto soft surfaces is an important phenomenon underpinning a plethora of industrial processes including microfluidics, 1, 2 electrowetting, 3 droplet condensation, 4 and inkjet printing (applications in microelectronics, 5, 6, 7, 8 pharmaceutical dosing or screening, 9, 10, 11 tissue engineering, 12, 13 and optics 14, 15 ).
Previous studies have shown that the vertical component of the surface tension resulting from a liquid droplet resting on a soft surface can induce the formation of a wetting ridge, Figure 1 , where the surface along the droplet contact line deforms. 16, 17, 18, 19, 20, 21 These deformations can perturb the dynamics of droplet spreading 22 (viscoelastic braking) and have been seen to enhance contact line pinning in microlitre droplets. A comparison of the oscillation of microlitre droplets following impact onto hard and soft surfaces has shown that droplets oscillate at a higher frequency on the latter. 24 This has been explained in terms of the deformed wetting ridge enhancing droplet pinning and reducing the amount of energy dissipation through contact line motion. However, the dependency of such behaviour upon the subsurface properties has not previously been investigated.
In this article, the impact dynamics of picolitre water droplets onto a range of different thickness films with controllable hardness and surface wettability has been studied, Figure 2 . Firstly, non-crosslinked and crosslinked plasma fluorinated polybutadiene films have been compared whilst maintaining the same hydrophobic surface chemistry. 25 An alternative system comprises surface initiated atom transfer radical polymerisation (ATRP) 26 growth of hydrophobic perfluorinated acrylate brushes with well-defined polymer chain length, 27 where plasma chlorinated polybutadiene is utilised as an ATRP initiator layer.
Figure 2:
Summary of functional surfaces investigated for water droplet impact onto spin coated polybutadiene followed by variants of plasmachemical halogenation, crosslinking and growth of ATRP polymer brushes. PFAC-6 denotes 1H,1H,2H,2H-perfluorooctyl acrylate monomer for ATRP.
EXPERIMENTAL

Variable Thickness and Hardness Plasma Halogenated Polybutadiene Films
Polished silicon (100) wafers (Silicon Valley Microelectronics, Inc.) were used as substrates. Polybutadiene (M w = 420,000, 36% cis 1,4 addition, 55% trans 1,4 addition, 9% 1,2 addition, Sigma-Aldrich Inc.) dissolved in toluene (+99.5%, BDH) at various concentrations was spin coated using a photoresist spinner (Cammax Precima) operating at 3000 rpm. Any trapped solvent within these polymer films was then removed by annealing under vacuum at 90 °C for 60 min. Ltd.). 27 The mixture was thoroughly degassed using several freeze-pump-thaw cycles and then the sample tube immersed into an oil bath maintained at 95 ºC for 16 h to allow polymerisation to take place. Finally, the cleaning and removal of any physisorbed polymer was undertaken by Soxhlet extraction with hot toluene for 5 h.
Surface Characterisation
A VG ESCALAB spectrometer equipped with an unmonochromatised Mg K α X-ray source (1253.6 eV) and a concentric hemispherical analyser (CAE mode pass energy = 20 eV) was used for X-ray photoelectron spectroscopy (XPS) analysis.
Core level XPS spectra were fitted to a linear background and equal full-width-at-half maximum (FWHM) Gaussian components and referenced to the C(1s) -C x H y hydrocarbon peak at 285.0 eV. (contact area as a function of contact depth) was calibrated using a standard quartz sample; and then checked using single crystal aluminium to be within 5% of the manufacturer's specification.
RESULTS
Non-Crosslinked Versus Crosslinked Plasma Halogenated Polybutadiene
The XPS elemental composition of spin coated polybutadiene showed the presence of some oxygen content, which can be attributed to aerobic oxidation at the polymer film surface during the annealing step to remove trapped solvent, Table 1 . 25 Following CF 4 and CCl 4 plasma halogenation, virtually all of this surface oxygen is lost accompanied with a high level of halogen incorporation. The slight increase in surface oxygen concentration following thermal crosslinking of these CF 4 and CCl 4 plasma halogenated films arises from the reaction between atmospheric oxygen and any unreacted polybutadiene alkene bonds located in the near-surface region. 34 In the absence of the polybutadiene layer, no film deposition was detected following either CF 4 or CCl 4 plasma exposure to silicon wafer surfaces; thereby confirming that plasma assisted surface halogenation rather than plasma deposition occurs for polybutadiene. 35, 36 37 or the high-speed impact of the picolitre droplets pushing the contact line beyond its equilibrium position. 38 Infrared assignments for non-crosslinked polybutadiene are as follows: 25, 39 CH=CH 2 stretch (3010 cm In all cases, the AFM RMS surface roughness was measured to be less than 17 nm, which confirms the low level of plasmachemical roughening/texturing within the selected downstream plasma glow region due to the lack of surface bombardment by energetic electrical discharge species (e.g. ions), 28, 29 Picolitre water droplet impact onto all of these surfaces displayed an initial spreading of the contact line to reach a maximum diameter. In the case of CF 4 plasma fluorinated polybutadiene, this was followed by dissipation of excess surface free energy observed as oscillations of the droplet height (stemming from lower energy dissipation during spreading across a more hydrophobic surface), whilst motion of the contact line was inhibited due to pinning, Figure 4 (a). 40 The droplet oscillation frequency subsequent to impact was measured by monitoring the change in height of the drop over time, Figure 4(b) . In the case of untreated and CCl 4 plasma chlorinated polybutadiene, no droplet oscillations were observed due to the excess surface free energy being more efficiently dissipated during the initial droplet impact and spreading 41 (much lower contact angles, Table 1 ). The dynamics (oscillation frequency) of picolitre droplets following impact onto CF 4 plasma fluorinated polybutadiene were found to be dependent upon the film thickness, and film hardness (which could be altered by thermal crosslinking), Figure   5 (a) and Table 2 . A greater hardness reduces the influence of film thickness upon the change in oscillation frequency (despite the droplets retaining similar static water contact angles across the entire film thickness range), Table 1 and Figure 5 Nanoindentation was also carried out to determine the elastic modulus of the thin films, Table 2 . The crosslinked polybutadiene films were found to have a higher elastic modulus compared to their non-crosslinked counterparts. 
DISCUSSION
Picolitre droplet impact has been studied for a range of hydrophobic surfaces with variable underlayer hardness. CF 4 plasma fluorinated polybutadiene provides a hydrophobic surface which can be crosslinked to alter its mechanical properties, Table 2 . 25 Picolitre droplet impact onto these hydrophobic surfaces results in oscillation of the droplet height about a final static value, caused by excess energy not being fully dissipated through spreading. Unlike previous studies on rougher, superhydrophobic surfaces, 30, 38 the contact line remains pinned during the majority of the oscillation cycle, with only a small retraction evidenced after the initial spreading, Figure 4 . The oscillation frequency of droplets after impact onto these surfaces was found to depend upon the polybutadiene layer hardness and thickness.
The observed rise in oscillation frequency with increasing polymer film thickness is greater for soft (non-crosslinked) CF 4 The thin polymer film undergoes both elastic and plastic deformation at the contact line. The extent of elastic deformation is given by:
where  is the vertical displacement,  is the liquid/vapour interfacial tension,  is the equilibrium contact angle of the droplet, and G is the elastic shear modulus of the solid. The measured values of the Young's modulus (Table 2) In all cases, the oscillation frequency and extent of surface deformation reached a plateau above 500 nm underlayer thicknesses, regardless of the contact angle of the droplet or the mechanical properties of the film, Figure 5 . The oscillation frequency thus appears to be correlated with the extent of plastic deformation, though the physical reason for this relationship remains unclear.
Such picolitre droplet impact dynamics onto soft surfaces are of relevance to microfluidics and inkjet printing (dried ink feature size and homogeneity). 48 Furthermore, they provide a direct means to probe the mechanical properties of functional nanofilms. 49 
CONCLUSIONS
The dynamics of picolitre water droplets following impact onto ultra thin films is governed by the underlayer film thickness and mechanical hardness. Thicker and softer films give rise to higher oscillation frequencies due to greater surface deformation (ridge formation) around the contact line.
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